The use of different polymers is ga1n1ng increasingly more room also in the areas that have been before dominated by metals. This progress sets more demands on the physical characterization of new plastic materials and products.
Plastics have already been widely used because of their excellent insulating properties but unfortunately there has been a lack of fast, simple, and accurate methods to determine their thermal conductivity, especially when the samples are not in cast form but thin foils.
In many cases it is important to determine the thermal conductivity of anisotropic samples. Drawing of polymer foils changes the orientation of polymer chains and thus affects the thermal conductivity causing anisotropy.
The ratio of anisotropy depends on the drawing ratio and the structure of the molecules. The conductivity perpendicular to the foil surface can be measured with flash methods [1] but measurements in other directions are more difficult [2, 3, 4 ].
In the system presented here the thermal conductivity is determined by observing the thermal wave propagation in the sample. A sinusoidal thermal plane wave is generated in a plastic foil with an AC supplied resistor. When the phase and the magnitude of the wave are measured as a function of distance from the heat source the thermal conductivity along this line can be calculated using curve fitting.
By making two separate measurements perpendicular to each other, the thermal conductivities parallel and perpendicular to the molecular chain orientation of the plastic foil are obtained.
The samples were drawn polyethlyene and polyprophylene foils of 30-100 ~ in thickness.
BASIC THEORY
Heat conduction can be mathematically modeled using the diffusion equation where T is the temperature, K is the thermal conductivity, p is the density, and c is the specific heat of the sample. G is the heating power per unit volume.
When the sample is heated periodically with angular frequency uu, the temperature can be expressed in the following form using complex notation:
where ~ is the spatial part of the temperature. Because we are interested only in the periodic change of the temperature, we have ignored the dc-component in Eq. (2) . The heat losses occurring in the sample can be described using thermal transfer coefficient h. When we assume that no heat is generated in the sample, the heating power per unit volume can be expressed as follows:
where d is the thickness of the foil. (2) (3)
Consider the situation only in x-direction and assume that the thermal conductivity of the sample is uniform in this direction. Under these circumstances the spatial part of the diffusion equation (1) is reduced to
When this differential equation is solved in respect to ~, the following expression is obtained for the spatial part of the thermal wave:
In the special case of DC-heating the temperature of the foil can be expressed as
where B is a constant.
MEASUREMENT SYSTEM
The measurement system is depicted in Fig. 1 . The sinusoidal thermal wave is generated in a plastic foil with an AC supplied resistor. The period of the heating cycle is long, 23 s. This gives us two advantages: it is possible to use a simple computer controlled DC power supply for heating and the long thermal wavelength makes the detection easier. The temperature of the foil is measured using a HgCdTe infrared detector. The sample is mounted on a translational stage to allow the temperature measurement as a function of distance from the heating point. Because the used IR detector is AC coupled, a mechanical chopper is used as a reference point in front of the detector. The signal from the IR detector is analyzed in a lock-in amplifier that filters the chopper frequency leaving only the long-period thermal wave. Because of this long period the phase detection giving the phase difference between the heating signal and the detected temperature of the foil is made by software from the magnitude signal of the lock-in amplifier. The micro computer also makes a software filtering of the temperature so that the DC temperature can be obtained at the same measurement with AC-temperature.
When the temperature of the foil is measured as a function of distance from the heating point the thermal conductivity along this measurement line can be calculated using curve fitting. This is done by first obtaining the h(d/K) value in Eq. (7) from the DC heating curve.
Then K can be obtained from the measured phase information of the AC heating using Eq. (6).
When two different measurements perpendicular to each other are made, the thermal conductivity parallel and perpendicular to the polymer orientation can be measured. The anisotropy ratio KI/KI can be obtained from the DC measuremnts because it is justified to assume that the heat transfer ratio h that determines the losses is the same independent of the direction of the thermal wave. Thus the anisotropy ratio can be calculated using curve fitting to Eq. (7).
RESULTS
The results of the anisotropy ratio measurements of seven different plastics samples are shown in Table 1 . These show that in all the cases the thermal conductivity parallel to the molecular orientation is bigger than perpendicular, except in the case of polyethylene foil number 3, where the ratio is approximately 1. This is due to the low draw ratio of the sample.
An example of measured DC temperature curves perpendicular and parallel to the molecular orientation is presented in 
CONCLUSIONS
In this paper, we have presented a method to measure thermal conductivities of plastic foils less than 100 ~ thick.
The method is based on long period thermal plane waves generated by AC-supplied resistor. The phase and the magnitude of the wave are measured as a function of distance from the heat source with IR detector.
The method is especially designed for measuring drawn plastic foils the thermal conductivity of which is anisotropic depending on the polymer chain orientation.
The advantage of the method is that no special preparation of the samples is needed.
The measurement time of one sample is about ten minutes, which is fast when compared with the standard hot plate methods. Because the detecting system is non-contacting it does not suffer from the difficulties arising from the thermal contact resistances between the measurement apparatus and the sample. This makes the measurement system suitable also for thin foils.
